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Over the past years, ultrafast lasers with average powers in the 100 W range have become a mature technology, with 
a multitude of applications in science and technology. Nonlinear temporal compression of these lasers to few- or 
even single-cycle duration is often essential, yet still hard to achieve, in particular at high repetition rates. Here we 
report a two-stage system for compressing pulses from a 1030 nm ytterbium fiber laser to single-cycle durations 
with 5 μJ output pulse energy at 9.6 MHz repetition rate. In the first stage, the laser pulses are compressed from 340 
to 25 fs by spectral broadening in a krypton-filled single-ring photonic crystal fiber (SR-PCF), subsequent phase 
compensation being achieved with chirped mirrors. In the second stage, the pulses are further compressed to single-
cycle duration by soliton-effect self-compression in a neon-filled SR-PCF. We estimate a pulse duration of ~3.4 fs at 
the fiber output by numerically back-propagating the measured pulses. Finally, we directly measured a pulse 
duration of 3.8 fs (1.25 optical cycles) after compensating (using chirped mirrors) the dispersion introduced by the 
optical elements after the fiber, more than 50% of the total pulse energy being in the main peak. The system can 
produce compressed pulses with peak powers >0.6 GW and a total transmission exceeding 70%. 
1. INTRODUCTION
Extremely short low-noise laser pulse trains are widely used in science 
and technology, for example in ultrafast spectroscopy [1], attosecond 
science [2], light field-driven electron dynamics [3] and the generation 
of phase-stable mid-infrared pulses via intra-pulse difference frequency 
generation [4]. Despite advances in laser technology, generation of 
pulses with durations below a few cycles usually requires external 
nonlinear compression, which can be challenging, particularly at high 
repetition rates. While gas-filled hollow capillary fibers are routinely 
used for single-cycle pulse compression of high-energy (mJ) lasers at 
kHz repetition rates [5], scaling to lower pulse energies (μJ) and higher 
repetition rates (MHz) is difficult because the fiber loss scales with the 
inverse cube of the core size. Recently, an efficient compression scheme 
based on Heriott-type multipass cells was introduced [6], suitable for 
pulse compression down to ~20 fs at μJ energies and >10 MHz 
repetition rate [7]. However, compression to even shorter durations is 
currently limited by the residual dispersion of the intra-cavity 
multilayer coatings, which can reach significant values in multi-pass 
configurations. An alternative is single-pass spectral broadening in thin 
glass plates, followed by phase compensation [8]. Avoiding strong 
spatio-temporal distortions requires the compression ratio to be kept 
low, with the consequence that very short pump pulses are required if 
few- or single-cycle durations are to be reached [9,10]. 
Gas-filled hollow-core photonic crystal fiber (PCF) overcomes these 
limitations, offering an effective alternative solution for single-pass 
spectral broadening and pulse compression at μJ energies and MHz 
repetition rates. Among the different hollow-core PCF designs, anti-
resonant-reflecting kagomé-type and single-ring PCFs (SR-PCFs) 
provide exceptionally broadband low-loss guidance 
(<10 dB km−1 [11,12]) and a high damage threshold, making them ideal 
for high-power applications. These fibers offer meter-long interaction 
lengths at high intensities, which is ideal for exploiting nonlinear 
dynamics, while greatly relaxing the requirements on input pulse 
duration and energy. At the same time, the gas-filled PCF offers 
pressure-tunable anomalous dispersion, giving access to soliton 
dynamics which, in contrast to most other pulse compression schemes, 
enables direct temporal self-compression without need for additional 
dispersion compensation. In this way, compression to single-cycle 
pulses has been demonstrated at repetition rates up to 800 kHz, using 
optical parametric amplifiers as pump sources [13–15]. The great 
design flexibility of hollow-core PCF-based systems means that they can 
also be used with much less complex pump sources that provide longer 
pulses (≫100 fs), such as high-power high-repetition rate fiber and 
thin-disk lasers [16–18]. Few-cycle pulses have been generated using 
such systems, for example, centered at 1 μm wavelength at 38 MHz 
repetition rate [19], or at 2 μm at 1.25 MHz [20]. To the best of our 
knowledge, however, compression to single-cycle durations has not yet 
been demonstrated with these systems. 
Here we report temporal compression to single-cycle durations of 
pulses from an ytterbium fiber laser. Starting with pulses >320 fs we 
compress to <3.8 fs at repetition rates up to 9.6 MHz with 5 μJ output 
pulse energy and >70% total transmission. The system is based on the 
two-stage design previously developed for generation of high-energy 
ultraviolet pulses [18], now adapted for high-repetition rate pulse 
compression (Fig. 1). The pump laser is a commercial 1030 nm 
ytterbium fiber laser (Active Fiber Systems GmbH) which delivers up to 
100 W average power at repetition rates between 50 kHz and 
19.2 MHz. The two compression stages are based on anti-resonant SR-
PCFs, designed for normal-dispersion spectral broadening in the first 
stage and soliton-effect self-compression in the second stage. In anti-
resonant PCFs, broadband low-loss guidance windows are interspersed 
with spectral anti-crossings between the fundamental core mode and 
core wall resonances, which strongly alter the dispersion and introduce 
high loss. This can impair the quality of ultrafast nonlinear dynamics, for 
example, pulse compression and ultraviolet light generation [21]. As a 
result, particular attention must be paid to the capillary wall thickness 
when designing the fiber structure, as described in sections 2 and 3 of 
this paper—it turns out that the requirements are well within reach of 
state-of-the-art fiber drawing techniques. Using commercially available 
pump lasers and specially designed hollow-core PCF, efficient pulse 
compression to single-cycle durations can be readily achieved and used 
in a plethora of different applications. 
Fig. 1. Experimental setup. (a) Schematic of the experimental setup. 
λ/2: half-wave plate. λ/4: quarter-wave plate. TFP: thin-film polarizer. 
CM: negatively chirped mirror. FM: flip mirror. OAPM: off-axis parabolic 
mirror. W: glass wedge. (b),(c) Scanning electron micrographs of the 
SR-PCFs, core diameters 86 µm in the first compression stage and 
59 μm in the second. 
2. PULSE COMPRESSION FROM >320 fs to 25 fs
The pump laser produces pulses of duration >320 fs, which is too long 
to allow clean, high efficiency compression to a single-cycle in a single 
PCF stage. The pulses can, however, be compressed to 25 fs in a first PCF 
stage and then to <4 fs in a second stage. This two-stage design has the 
advantage that it provides 25 fs pulses useful in many other 
applications, for example generation of ultraviolet or mid-infrared 
pulses at high repetition rates [18,22,23]. In the experiment reported 
here, the pump laser was operated at repetition rates of 1, 4.8 and 
9.6 MHz. Since the duration and shape of the laser pulses depends 
weakly on repetition rate, varying between 320 and 340 fs, energies 
between 7.4 and 7.55 μJ were used. The first compression stage is based 
on spectral broadening by self-phase modulation (SPM) in a krypton-
filled SR-PCF, followed by phase compensation with negatively chirped 
mirrors. Since high intensities at high repetition rates can lead to 
instabilities at the fiber input, we used a long length (3.8 m) of 12-
capillary SR-PCF with a large (86 μm) core diameter filled with 10 bar of 
krypton. These parameters reduced the required peak intensity to less 
than 1012 W cm−2, allowing repetition rate scaling to at least 9.6 MHz. 
Additionally, the large core shifts the pump pulses into the normal 
dispersion region, preventing the onset of modulational instability, 
which would otherwise degrade the coherence of the compressed 
pulses. With a capillary wall thickness of ~730 nm, the fiber is pumped 
between the first- and second-order anti-crossings at ~1520 and 
~770 nm, far enough away from 1030 nm to allow low-loss pulse 
propagation without any detrimental effects [21]. In the setup the fiber 
was coiled up in one turn with 0.8 m diameter, and a quarter-wave plate 
was placed before the fiber input to allow the polarization state to be 
adjusted to circular, so as to suppress nonlinear ellipse rotation along 
the fiber. After the fiber, a second quarter-wave plate changes the 
polarization back to linear, and a combination of broadband half-wave 
plate (Altechna) and thin-film polarizer (LAYERTEC GmbH, reflecting 
only vertical polarization) is used for power control. For temporal 
compression of the SPM-broadened pulses, negatively chirped mirrors 
(UltraFast Innovations GmbH) introduce a total group delay dispersion 
of −3150 fs2 (21 bounces of −150 fs2 each) to compensate for the 
positive chirp introduced by SPM in the fiber and the optics before the 
second compression stage. The optimal dispersion balance between 
SPM (positive chirp, decreasing with increasing spectral bandwidth) 
and the optics (net-negative chirp) is then fine-tuned by optimizing the 
input energy to the fiber while monitoring the intensity autocorrelation 
of the compressed pulses. The total transmission of the first 
compression stage is ~85%, with losses coming mainly from the optics, 
whereas the fiber transmission including incoupling is >96%. 
For temporal characterization of the pulses, we used a home-built all-
reflective dispersion-free second-harmonic generation frequency-
resolved optical gating (SHG FROG) device in noncollinear geometry. 
The nonlinear medium was a 10-μm-thick beta barium borate crystal 
cut for type I phase matching at 800 nm (EKSMA Optics). Before 
retrieval, the measured FROG traces were adjusted to correct for the 
frequency-dependent SHG efficiency, including phase matching [24] as 
well as the frequency-dependent reflectivity of the optics after the 
crystal and the spectrometer calibration. For retrieval, we used the 
extended ptychographical iterative engine [25], the fundamental pulse 
spectrum retrieved from the measured FROG trace being used as an 
initial guess [26]. The retrieved pulse characteristics were then 
corrected by taking into account the frequency-dependent reflectivity of 
the optics before the crystal in the FROG device. With such rigorous 
measurement and retrieval, even sub-4 fs pulses could be reliably 
measured using SHG FROG, as reported in section 3. 
Figure 2 shows FROG measurements of the pulses after the first 
compression stage. Since the pulses are negatively chirped, we 
numerically forward-propagated them to the fiber input to account for 
the dispersion of the optics before the input of the second fiber. At this 
location, the full-width at half-maximum (FWHM) pulse duration is 
25 fs and the pulse energy is 6.3 μJ for all repetition rates, the fraction of 
energy in the main pulse lying between 63 and 67%. As can be seen 
from the FROG trace in Fig. 2, a long-duration low-intensity pedestal, 
already present in the pump laser pulses, is seen at delays greater than 
±400 fs. We estimate that ~15% of the pump laser pulse energy is 
contained in this pedestal. Using amplitude and phase shaping 
techniques before amplification [27], we would be able to reduce this 
pedestal and increase the energy fraction in the main compressed pulse 
to >70%. Note that the first compression stage could be replaced by 
other schemes, for example a Heriott-type multipass cell, providing 
similar performance [28]. 
3. SINGLE-CYCLE PULSE COMPRESSION
Further pulse compression by SPM-based spectral broadening would 
require precise compensation of the nonlinear spectral phase, which 
becomes increasingly difficult as the pulse duration approaches the 
single-cycle regime. Soliton-effect self-compression, the dynamic 
interplay between spectral broadening and anomalous dispersion, 
provides an efficient alternative, inherently generating nearly chirp-free 
compressed pulses. Additionally, waveguide-based spectral broadening 
is largely free of spatio-temporal couplings, which have to be carefully 
managed in bulk solid-state systems [8–10]. For these reasons, we 
implemented a second compression stage based on soliton-effect self-
compression in a 7-capillary SR-PCF with 59 μm core diameter. 
Fig. 2. First-stage pulse compression. (a) Measured and retrieved SHG 
FROG traces at 9.6 MHz repetition rate. (b) Retrieved pulses at 
repetition rates of 1, 4.8 and 9.6 MHz, numerically forward-propagated 
to the input of the second fiber. The input pulse energy was between 
7.55 μJ (1 MHz) and 7.4 μJ (4.8 and 9.6 MHz) and the output energy was 
6.3 μJ for all repetition rates, corresponding to a transmission of ~85%. 
Because it is crucial at high repetition rates to reduce ionization as 
much as possible [18,29,30], we filled the fiber with 50 bar neon, 
avoiding using argon or krypton, which would provide similar 
dispersion and nonlinearity at much lower pressure, but have 
significantly lower ionization potentials. The capillary wall thickness of 
the fiber is 260 nm, placing the first-order anti-crossing at ~540 THz 
(555 nm), which is sufficiently far from the pump frequency so as not to 
impair pulse compression [21]. The fiber length (16.5 cm) was chosen 
so that pulse compression to <4 fs is reached directly at the fiber output 
for an input energy of ~6 μJ. A half-wave plate before the fiber was used 
to rotate the polarization to horizontal at the fiber output, as required 
for the subsequent optics and diagnostics. The output beam from the 
fiber was collimated with an aluminum-coated off-axis parabolic mirror 
(Newport Corporation), which initially had a rather low measured 
reflectivity of 92.6% for the compressed pulses and degraded further 
during the measurements, in particular at high average power. Using a 
parabolic mirror with higher reflectivity (for example silver-coated with 
typically >98% reflectivity) would mitigate this problem. 
To understand the dynamics of pulse compression, the system was 
numerically modelled using a single-mode radially-resolved 
unidirectional full-field pulse propagation equation [31]. As input we 
used the pulse measured by FROG at 1 MHz repetition rate and 
numerically forward-propagated to the fiber input (Fig. 2), with an 
energy of 6 μJ. Because anti-crossings were far away from the pump 
frequency, the dispersion of the fiber could be approximated by a simple 
capillary model [32]. Literature values were taken for the 
dispersion [33] and the nonlinearity of the gas [34], and photoionization 
was included using the model from [35], with the Perelomov, Popov, 
Terent’ev ionization rates [36], modified with the Ammosov, Delone, 
Krainov coefficients [37]. 
Figure 3 shows the simulated pulse propagation in the fiber. For an 
input energy of 6 μJ, the soliton order is N ~ 4.7. Since the pump pulse 
lies in the anomalous dispersion region (the group velocity dispersion 
at the pump frequency is approximately −270 fs2 m−1 and the zero-
dispersion frequency is ~430 THz), it undergoes soliton-effect self-
compression to a FWHM duration as short as 2.5 fs at the fiber output. 
The choice of neon as filling gas meant that photoionization was 
negligible. The low peak plasma density (~3×1012 cm−3 on-axis) 
allowed repetition rate scaling over a wide range, as the energy lost due 
to ionization is only ~3 pJ per pulse, which minimizes gas heating that 
can cause a build-up of refractive index changes over time [30]. At the 
fiber output, the pulse has not yet reached its maximum temporal 
compression, so that compensation of the residual group delay 
dispersion (0.8 fs2) would readily compress the pulse to 1.2 fs. 
Alternatively, the input energy or the fiber length could be increased to 
obtain even shorter pulses. Although compression to 1.2 fs has been 
conclusively predicted in hollow capillary fiber (which performs in a 
very similar manner to hollow-core PCF) by numerical back-
propagation to the fiber output [38], the broader spectrum would 
exceed the bandwidth of our chirped mirrors and FROG device, 
preventing direct measurement of the compressed pulses. As can be 
seen from Figs. 4 and 5, the temporal pulse shape and spectrum at the 
fiber output are in good agreement with experimental measurements. 
Fig. 3. Numerical simulation of the second-stage pulse compression. 
(a) Temporal and (b) spectral evolution of the pulse inside the fiber. At 
the fiber output, the pulse has compressed to a FWHM duration of 2.5 fs. 
The temporal pulse shape and spectrum are compared with 
measurements in Figs. 4 and 5. 
In the experiments, pulse compression was initially optimized at 
1 MHz repetition rate. For a launched energy of 5.9 μJ in the second fiber 
stage, the output spectrum closely matched the simulations (Fig. 5(d)), 
indicating pulse compression to <4 fs at the fiber output. Due to the 
slightly different pump pulses at other repetition rates, reaching the 
same pulse compression required pump energies of 5.5 μJ at 4.8 MHz 
and 6.3 μJ at 9.6 MHz. As a result, the output energy from the second 
stage (before the off-axis parabolic mirror) was 5.3 μJ at 1 MHz, 4.8 μJ at 
4.8 MHz and 5.7 μJ at 9.6 MHz repetition rate, corresponding to a 
transmission of ~90%. Since Fresnel reflections at the uncoated 1.5-
mm-thick magnesium fluoride output window of the gas cell (Korth 
Kristalle GmbH) introduced 5% loss, the fiber transmission including 
incoupling was ~95%. Figure 4 shows FROG measurements of the 
pulses after the second compression stage. Although the pulse is short 
directly at the fiber output, it is strongly dispersed by propagation 
through the gas cell, the output window and the air before reaching the 
FROG crystal. Numerical back-propagation of the measured pulses to 
the fiber output recovers well-compressed pulses with FWHM duration 
of 3.4 fs and 1.15 optical cycles. For such short pulses, rigorous estimates 
of the number of optical cycles within the FWHM of the pulse intensity 
envelope should be based on the phase evolution of the electric field, i.e., 
without assuming a carrier frequency (if the carrier is set to 1030 nm, 
the result is 1.0 optical cycles, an underestimate of the actual pulse 
width). Note that the uncertainty in the numerical back-propagation is 
of order ±1 fs and that the shortest pulse duration that can be obtained 
via numerical back-propagation, within the uncertainty of the optical 
elements, was 2.5 fs. Since our SHG FROG device cannot measure the 
entire spectral bandwidth of the pulses after the second fiber, the 
numerically back-propagated pulses are longer than in the simulations. 
Nevertheless, the measurements corroborate the conclusion that 
soliton-effect self-compression generates single-cycle pulses directly at 
the fiber output, without need for additional dispersion compensation. 
To obtain compressed pulses at a target position for experiments 
requires compensation of the positive chirp introduced by all the optical 
elements after the fiber (even the beam path inside the gas cell and the 
beam path in air afterwards). To this end, we used a pair of double-angle 
negatively chirped mirrors (UltraFast Innovations GmbH, group delay 
dispersion of −80 fs2 per pair) in combination with thin fused silica 
wedges (Altechna) for dispersion fine-tuning. The reflectivity of the 
chirped mirror pair, measured using the compressed pulses, is 93% 
(this is partially because spectral components at frequencies above 
~530 THz (wavelengths below ~570 nm) are not reflected by the 
mirrors). The positive dispersion introduced by the fused silica wedges 
is relatively small (~1.5 mm material thickness) and could be easily 
eliminated by increasing the air path-length after the fiber (less than 2 m 
would be needed). In this way, additional loss could be avoided. Since 
only a small fraction of the 5 µJ can be used in the diagnostics, the signal 
was first attenuated before being sent to the chirped mirrors. As a result, 
only a small fraction of the second-stage output power was actually re-
compressed for the FROG measurements. Since the chirped mirrors in 
the first compression stage are operated at full power, and such mirrors 
are routinely used at even higher pulse energy and average power (for 
example [39,40]), we are confident that re-compression of the full 
output power can easily be achieved if needed. 
Fig. 4. Second-stage pulse compression, without dispersion 
compensation. (a) A zoom into the measured and retrieved SHG FROG 
traces at 9.6 MHz repetition rate over a ±400 fs time window. 
(b) Retrieved pulses at repetition rates of 1, 4.8 and 9.6 MHz, 
numerically backward-propagated to the fiber output. The simulated 
pulse (Fig. 3), with a duration of 2.5 fs, is shown under-shaded in gray. 
The output pulse energy before the off-axis parabolic mirror was 5.3 μJ 
(input energy 5.9 μJ) at 1 MHz repetition rate, 4.8 μJ (input 5.5 μJ) at 
4.8 MHz and 5.7 μJ (input 6.3 μJ) at 9.6 MHz, corresponding to a 
transmission of ~90%. 
Figure 5 shows FROG measurements of the pulses after the second 
compression stage, with dispersion compensation. As before, pulse 
compression was initially optimized at 1 MHz repetition rate by 
reproducing the reference output spectrum (Fig. 5(d)) and then 
adjusting wedges for the shortest pulse duration. The reproducibility of 
soliton self-compression in the second fiber meant that, if the reference 
spectrum was reproduced simply by tuning the energy launched into 
the second fiber, almost identical compressed pulses could be obtained 
at any other repetition rate, without need to re-optimize the dispersion 
compensation. With a FWHM pulse duration of 3.8 fs and 1.25 optical 
cycles, the pulses are close to their transform limit of ~3 fs. Despite the 
relatively long pulses from the pump laser (>320 fs), very high-quality 
compressed pulses were obtained, with more than 50% of the total 
pulse energy in the main peak and a pedestal less than 12% of the peak. 
We estimate that better pump laser pulses could further increase the 
energy in the main peak to >60%. As evident from the spectrogram in 
Fig. 5(c), the dispersion is not compensated at frequencies above 
~470 THz (wavelengths below ~640 nm), which coincides with the 
specification of the chirped mirror design. Hence, dispersion 
compensation of the entire spectral bandwidth with optimized chirped 
mirrors could further compress the pulses. Finally, if a high-reflectivity 
off-axis parabolic mirror is used after the second stage, compressed 
pulses can be delivered with a total transmission >70% (including the 
chirped mirrors). 
Fig. 5. Second-stage pulse compression, with dispersion compensation. 
(a) A zoom into the measured and retrieved SHG FROG traces at 
9.6 MHz repetition rate over a ±400 fs time window. (b) Retrieved 
pulses at repetition rates of 1, 4.8 and 9.6 MHz. (c) Spectrogram of the 
pulse at 1 MHz repetition rate, calculated with a 15 fs Gaussian gate 
pulse. (d) Directly measured and FROG-retrieved spectrum of the pulse 
at 1 MHz repetition rate. The simulated spectrum (Fig. 3) is shown 
under-shaded in gray. 
4. STABILITY MEASUREMENTS
Stable operation of high-power high-repetition rate systems can be 
prevented by various effects, in particular when precise optical 
alignment is necessary, for example, for coupling into fibers. Slow 
thermal drift and beam pointing fluctuations up to kHz-level 
frequencies can be compensated using beam stabilization systems. 
Additional noise sources at higher frequencies, introduced for example 
by nonlinear processes, are more difficult to suppress. In the first 
compression stage, coherent spectral broadening is achieved by SPM in 
the normal dispersion region and in the second stage, low-order (N < 5) 
soliton-effect self-compression takes place. Both processes preserve 
coherence [41], as experimentally confirmed by the high-fidelity 
scanning-delay FROG measurements, each of which took ~10 min. 
To further characterize the long-term stability of the system, we 
measured the output spectrum and power of the system at intervals of 
a second over 30 min (Fig. 6). At 1 MHz repetition rate, the spectrum 
changed only marginally and the power remained constant. At 9.6 MHz, 
on the other hand, we had to realign the incoupling to the second fiber 
stage after 10 and 20 min due to slow thermal drift of the output from 
the first fiber stage (realignment was done using two irises before the 
second fiber stage and took only a few minutes). After realignment, the 
output spectrum remained constant, whereas the power dropped by 
2.6% after 30 min, from 46.6 W to 45.4 W. The major part of this drop 
comes from degradation of the aluminum-coated off-axis parabolic 
mirror used to collimate the output from the second fiber. Its reflectivity 
was measured to 92.6% before the experiment, compared to 91.5% 
afterwards, corresponding to a 1.2% drop in reflectivity, which we 
expect was even higher during the experiment when the mirror heated 
up strongly. This is supported by the stability of the output spectrum 
after 10 min, which was sensitive to energy fluctuations, but remained 
constant after realignment. If a high-reflectivity mirror is used after the 
second fiber, together with a beam stabilization system after the first 
fiber stage to correct slow beam pointing drifts (or a sufficiently long 
warm-up period), stable operation can be achieved over long periods 
without realignment, even at high repetition rates. 
Fig. 6. Long-term stability of the system. (a) Output spectrum and 
(b) average power after the off-axis parabolic mirror of the second fiber 
stage at 1 MHz repetition rate, measured once a second over 30 min. 
(c) Output spectrum and (d) average power at 9.6 MHz repetition rate. 
Slow thermal drift meant that the second fiber stage had to be re-aligned 
after 10 and 20 min (indicated by the dashed lines). The decrease in 
output power is mainly due to damage to the off-axis parabolic mirror 
after the fiber (the reflectivity was 92.6% before the experiment and 
91.5% afterwards). 
In addition to the long-term stability, we measured the pulse energy 
fluctuations of the system on short timescales using a 150 MHz silicon 
photodiode and a radio-frequency spectrum analyzer (Agilent 
E4440A). Figure 7 shows the relative intensity noise (RIN) measured 
after the second fiber stage at 9.6 MHz and compared to the pump laser 
noise (similar results were obtained at the lower repetition rates). Most 
of the intensity noise is at frequencies >100 kHz, where the two-stage 
compression system introduces an additional ~0.1% integrated RIN. 
The largest contribution to the high-frequency intensity noise is from 
broad peaks that are already present in the RIN spectrum of the laser, 
which are amplified by the highly nonlinear compression in the two 
fiber stages. In the low-frequency range (<100 kHz), on the other hand, 
there is no significant additional intensity noise introduced by the 
compression system, which means that acoustic and mechanical noise 
sources do not strongly couple to the compression process and that 
stabilization of the slow beam-pointing drift at high average power (Fig. 
6) is sufficient. In total, the integrated RIN values from 2 Hz to 4.8 MHz 
(half the repetition rate) are 0.3% for the laser and 0.4% for the 
compressed pulses, which compares well with low-noise thin-disk 
oscillators [16]. 
Fig. 7. Relative intensity noise (RIN) measured at 9.6 MHz repetition 
rate. (a) RIN of the laser and the output from the second fiber stage from 
2 Hz to 4.8 MHz (half the repetition rate). The change in signal 
fluctuations at 1 and 10 kHz is caused by a change in the radio-
frequency bandwidth of the spectrum analyzer. (b) Integrated RIN 
(normalized to the DC component before integration), starting from 
4.8 MHz, plotted as function of the lower frequency limit. 
5. CONCLUSIONS AND OUTLOOK
In conclusion, single-cycle pulses can be generated by two-stage 
nonlinear temporal compression of pulses from a 1030 nm ytterbium 
fiber laser at repetition rates up to 9.6 MHz. In the first stage, the pump 
laser pulses are compressed from >320 to 25 fs and in the second stage, 
from 25 to <3.8 fs (1.25 optical cycles) at 5 μJ output energy. The overall 
compression factor is 100, with a total transmission as high as >70%. 
After a 20 min warm-up time, the system provides stable low-noise 
operation with 0.4% integrated RIN (from 2 Hz to 4.8 MHz). 
Since the second compression stage is based on soliton-effect self-
compression, only the dispersion of the optics after the fiber must be 
compensated to deliver compressed pulses to a target location. This 
does not require complex adaptive phase shaping but only chirped 
mirrors and fused silica wedges. At the same time, the compression is 
highly reproducible simply by recovering the output spectrum at which 
the dispersion compensation was optimized. Once this spectrum is 
recovered, almost identical pulses are generated, without need to re-
optimize the dispersion compensation. 
Obtaining a precisely-defined single-cycle optical waveform requires 
fine control of the pulse carrier-envelope phase (CEP). Recently, it was 
shown that CEP-stable few-cycle pulses can be generated at 100 kHz 
repetition rate from a 300 µJ ytterbium fiber laser by two-stage 
nonlinear compression in gas-filled hollow capillary fibers [42]. It was 
also shown that soliton-effect self-compression in gas-filled PCF can be 
used to generate CEP-stable pulses in the single-cycle regime at 800 kHz 
repetition rate with only 1 µJ pump pulses from an optical parametric 
amplifier [15]. Implementing CEP-stabilization schemes as described in 
[42], we expect that phase-stable pulses can be generated also with our 
system. This would enable many exciting experiments, for example in 
phase-sensitive ultrafast spectroscopy and strong-field physics, with a 
simple setup at unprecedented repetition rate and power. 
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